This Page Is Inserted by IFW Operations . 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

. • ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 

As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ? ; 
G01R 15/24 



A2 



(11) International Publication Number: WO 00/36425 

(43) International Publication Date: 22 June 2000 (22.06.00) 



(21) International Application Number: PCT/US99/26499 
; (22) International Filing Date: 10 November 1999 (10.1 1.99) 



(30) Priority Date: 
09/190,873 



12 November 1998 (12.1 1.98) US 



(71) Applicant: HONEYWELL INC. [US/US]; Honeywell Plaza, 
Minneapolis. MN 55408 (US). 

I (72) Inventor: SANDERS. Glen, A.; 8938 East Calle Del Palo 
Verde, Scottsdale, AZ 85225 (US). 

I (74) Agent: SHUDY, John, G., Jr.; Honeywell Inc., Honeywell 
Plaza - MN12-8251, P.O-Box 524, Minneapolis, MN 
55440-0524 (US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG, 
BR, BY. CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, 
GD, GE, GH, GM, HR. HU, ID, IL, IN, IS, JP, KE, KG. 
KP KR, KZ, LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, 
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG. SI, 
SK, SL, TJ, TM, TR, TT, UA, UG, UZ, VN, YU, ZA, ZW, 
ARIPO patent (GH, GM, KE, LS. MW, SD, SL, SZ, TZ, 
UG, ZW). Eurasian patent (AM, AZ, BY, KG, KZ, MD, 
RU, TJ, TM), European patent (AT, BE, CH, CY, DE, DK, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI 
patent (BF, BJ, CF, CG. CI, CM, GA, GN, GW, ML, MR, 
NE, SN. TD, TG). 



Published 

Without international search report and to be republished 
upon receipt of that report. 



I (54) Tide: FIBER OPTIC CURRENT SENSOR HAVING ROTATION IMMUNITY 





so 



1*7 



| (57) Abstract 

I An interferometric sensor having an optic fiber which forms a sensing loop optical path and a second loop that h ; wound in the 
opposite direction of the sensor loop. Circularly polarized light propagates along the optical pati, of the sensing loop. A differenual phase 
Ss induced in the light waves by a magnetic field of the current in a conductor. The light waves with their phase relationsh.p are 
by aVhl detector which outputs £ electrical signal that is processed by loop closure electronics into a signal the | 

current's magnitude and direction. If L phase shift due to rotation is sensed in the sens.ng loop, then that phase sh.ft s canceled by 
Z^^ J^rJnfL the compensating loop. The compensating loop or coil may be reversed in connections °£ £ 
calibrating the current sensor. Also, with a small sensor coil, delay line compensating co.ls may be used m the optical crcu.t, so that the 
bias modulation frequency can be made low enough for low drift loop closure electronics. 
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FIBER OPTIC CURRENT SENSOR HAVING ROTATION IMMUNITY 
BACKGROUND OF THE INVENTION 

The present invention relates in general to the field of fiber optic sensors. In 
particular, the invention relates to a fiber optic interferometric sensor. More 
particularly, it relates to magnetic field and current sensing with a Sagnac loop, not 
having rotation sensitivity. 

Over the past decade, Sagnac interferometers have received attention in the 
application of magnetic field sensing and current sensing. Fiber optic current sensors 
are particularly advantageous over iron-core current transformers, since fiber optic 
sensors are non-conductive and lightweight. Furthermore, fiber optic sensors also do 
not exhibit hysteresis and provide a much larger dynamic range and frequency response. 

Fiber optic current sensors work on the principle of the Faraday effect. Current 
flowing in a wire induces a magnetic field that, through the Faraday effect, rotates the 
plane of polarization of the light traveling in the optical fiber wound around the current 
carrying wire. Faraday's law, stated as 



where I is the electrical current, H is the magnetic field and the integral is taken over a 
closed path around the current. If the sensing fiber is wound around the current carrying 
wire with an integral number of turns, and each point in the sensing fiber has a constant 
sensitivity to the magnetic field, then the rotation of the plane of polarization of the light 
in the fiber depends on the current being carried in the wire and is insensitive to all 
externally generated magnetic fields such as those caused by currents carried in nearby 
wires. The angle, , through which the plane of polarization of light rotates in the 
presence of a magnetic field is given by 



where V is the Verdet constant of the fiber glass. The sensing optical fiber effectively 
performs the line integral of the magnetic field along its path, which is proportional to 
the current in the wire, when that path closes on itself. Thus we have that = VN1 
where N is the number of turns of sensing fiber wound around the current carrying wire, 
The rotation of the state of polarization of the light due to the presence of an electrical 
current is measured by injecting light with a well defined linear polarization state into 
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the sensing region, and then analyzing the polarization state of the light after it exits the 
sensing region. 

A typical related-art optical fiber current sensor is disclosed in U.S. Patent No. 
5,644,397 issued July 1, 1997 to inventor James N. Blake and entitled "Fiber Optic 
Interferometric Circuit and Magnet Field Sensor", which is incorporated herein by 
reference- Optical fiber current sensors are also disclosed in U.S. Patent 5,696,858 
issued December 9, 1997 to inventor James N. Blake and entitled "Fiber Optics 
Apparatus and Method for Accurate Current Sensing", which is incorporated herein by 
reference. 

The related-art sensing of current suffers from a number of difficulties. 
Exceptionally stable optical components are required for measuring the polarization 
state changes with the accuracy needed for certain applications such as revenue 
metering. In addition, birefringence present in the sensing region rotates the plane of 
polarization as well as current, yielding an indistinguishable signal. Mechanical 
disturbances such as vibrations in the sensing fiber can yield a time varying 
birefringence, which yields signals indistinguishable from time varying currents. 
Similarly, thermal disturbances may also produce erroneous results. 

Accordingly, a need has arisen for a fiber optic current and magnetic field loop 
sensor that is insensitive to rotation and time- varying effects such as changing 
temperature and vibration, and does not require exceptionally stable optical components 
and low birefringence in the sensing region. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, an optical interferometric current 
sensor configuration is provided which eliminates or substantially reduces the 
disadvantages associated with prior optical sensors. 

The current sensor includes a polarization maintaining optic fiber forming a 
sensing loop and has a rotation-compensating fiber coil. Counter-propagating circularly 
polarized light waves propagate along the optical path and pass through a magnetic 
field-sensitive sensing medium. A differential phase shift induced in the light waves in 
the presence of a magnetic field, is then detected by a photo detector and the value of 
the sensed parameter is determined by the associated signal processing electronics. 
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An all-guided wave version of the current sensor has fiber quarter wave 
converters that are used to convert linearly polarized light into circularly polarized light. 
The quarter wave converter is preferably constructed from a short section of long beat 
length polarization maintaining fiber. The sensing medium or loop may be made from a 
low linear birefringence optical fiber or fiber with high circular birefringence. The latter 
can be made by spinning the fiber during fabrication. 

The loop sensor configuration detects a magnetic field of a current conducted by 
a wire. However, the sensor known as a Sagnac interferometer is also sensitive to the 
rotational movement of the loop. This rotation effect is compensated with a fiber loop 
or coil inserted in the optical circuit. The compensation is for errors due to rotation or 
angular vibration of the sensing loop. The compensation loop or coil has the same 
rotation sensing product (RSP) of number of winding turns times the area enclosed by 
the loop or coil, as that of the current-sensing loop or coil. N,A S = -NA* where NA is 
the RSP of the compensating coil and NA is the RSP of the sensing coil. The minus (-) 
sign indicates that the compensating coil has a sensing axis polarity opposite to that of 
the current-sensing loop or coil. Thus, the rotation sensitivity of the compensating coil 
is equal and opposite of that of the sensing coil, resulting in no rotation sensitivity by 
the overall current sensor. 

Another aspect of the invention is to fabricate the rotation compensating (RC) 
loop or coil with a fixture so that the coil or loop can be flipped over, i.e., the axis 
polarity of the compensation coil in the optical circuit is reversed. This permits the 
calibrating of the non-reciprocal optical phase shift of the sensor by measuring, and then 
removing or nulling out the effects of to rotation rate for precise current sensing. A first 
reading of the sensor is made to measure or calibrate sensitivity to rotation and then the 
RC coil can be flipped over for a second reading of current only. This reveals the 
effects of rotation or vibration. Thus, the sensor can be first calibrated and then used for 
accurate current sensing without the rotation or vibration sensitivity. Alternatively, the 
compensating coil may be just left in place to continuously eliminate sensitivity to 
rotation. 

The optical current sensor may have a sensing loop or coil with a small RSP and 
a delay line coil to lower the proper frequency of the Sagnac sensing loop or coil so that 
the bias modulation frequency can be low enough for low drift loop closure electronics. 
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The delay line coil may have a large RSP relative to that of the sensing loop or coil and 
has only rotation sensitivity that is of concern. One may use an oppositely wind a 
second delay line coil to null the rotation sensitivity of the first delay line coil. 

BRIEF DESCRIPTION OF THE DRAWING 

Figures la and lb are schematic diagrams of a Sagnac current sensing loop 
having rotation compensation. 

Figure lc shows a current sensor wherein the compensating and sensing coils are 
a continuous wind of optical fiber. 

Figure 2 is a schematic diagram of a Sagnac current sensing loop having a 
compensating coil or loop that can be flipped. 

Figure 3 is a schematic diagram of a Sagnac loop current sensor having 
compensating delay lines. 

Figure 4 is a schematic diagram of a Sagnac loop current sensor having an 
optical circulator. 

Figures 5a, 5b and 5c show various closed-loop feedback waveforms of a 
Sagnac current sensor. 

Figure 6 shows an open-loop configuration of a Sagnac current sensor. 

DESCRIPTION OF THE EMBODIMENT 

A sensor configuration based on the Sagnac loop is an all-guided-wave optical 
current sensor 10. Referring to figure la, the body of Sagnac interferometer current 
sensor 10 is constructed from polarization maintaining fiber. A light source 14 such as 
a superluminescent diode, a light emitting diode, a laser diode or rate-earth doped fiber 
light source generates a broadband light that is coupled into fiber 12. The light passes 
through a directional coupler 16 and is linearly polarized by a polarizer 1 8 of an 
integrated optic circuit (IOC) 20. The linearly polarized light is then coupled into the 
loop portion of the sensor as two counter-propagating linearly polarized light waves 23 
and 24 by a wye junction coupler 21 . A phase modulator 22 applies a periodic bias 
modulation signal 25 and a feedback signal 26 to phase modulate the counter- 
propagating light waves. Just before light wave 23 enters sensing coil 30, it passes 
through a quarter wave converter 27 having its principle axes oriented at 45 degrees with 
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respect to the axes of polarization maintaining (PM) fiber 28. Light wave 23 goes on 
through sensing coil 30 which is composed of a low birefringence fiber or a fiber of 
high circular birefringence. Light wave 24 goes on through a rotation compensating 
(RC) coil 29 which is composed of a PM fiber. From coil 29 light wave 24 goes 
through a quarter wave converter 31 having its birefringent principal axes oriented at 45 
degrees relative to the axes of the PM fiber of coil 29. 

The purpose of quarter wave converters 27 and 3 1 is to convert the linearly 
polarized light 23 from polarization maintaining fiber 28 and linearly polarized light 24 
from the PM fiber of coil 29 to circularly polarized light. There is no fundamental 
advantage of using right handed, as opposed to left handed circularly polarized light in 
sensing coil 30. Sensing coil 30 encircles conductor 32 that carries current 33 in a 
direction parallel to the sensing axis of coil 30. The sensing coil axis is perpendicular to 
a plane that a winding of the coil lies in. Exiting sensing coil 30, light wave 23 
continues on and passes through quarter wave converter 3 1 and light wave 24 passes 
through quarter wave converter 28. Quarter wave converters 27 and 31 now convert 
both light waves 23 and 24 back to linearly polarized light aligned with an axis of the 
polarization maintaining fiber 28 and PM fiber coil 29, respectively. Returning light 
waves 23 and 24 pass through IOC 20 and directional coupler 16 and fall on a photo 
detector 34, which provides an output signal 35 to a loop closure electronics 34. Loop 
closure electronics 34 outputs bias modulation signal 25 and feedback signal 26 to 
modulator 22. Bias modulation generator 1 8 generates bias modulation signal 25 that is 
sent to loop closure electronics 34. Electronics 34 outputs signal 26 as the feedback 
signal to modulator 22 which causes counter-propagating light waves 23 and 24 to be 
brought into phase with each other. A variable characteristic of signal 26 is an 
indication of optical phase displacement caused by current 33 through wire 32. This 
characteristic of signal 26 is processed by electronics 34 into a signal 37 that indicates 
the magnitude and sign of sensed current 33. 

Figure lb shows the same Sagnac interferometer current sensor as figure la 
except that converter 31 is between IOC 20 and rotation compensating coil 29. In figure 
3, converters 27 and 3 1 may be between IOC 20 and coils 44 and 43, instead, 
respectively. Likewise, in figure 6, converters 27 and 31 may be instead between 
coupler 51 and coils 48 and 47 (including flippers 38), respectively. 
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Quarter wave converter 27 and 37 non-idealities, either arising from angular 
misalignments or from deviations from quarter wave operation, create only second order 
errors in sensor 10 output 37. Quarter wave converter errors cause light to be coupled to 
the unused axis of the polarization maintaining fiber 28 and PM fiber loop 29, but which 
is eventually rejected by polarizer 18 in its common input/output port. 

Fiber optic quarter wave converters 27 and 31 may be constructed from a low 
birefringence fiber wound around a relatively small diameter. However, the quality of 
quarter wave converters constructed in this manner has been shown to be poor. An 
alternative is to use a short length of polarization maintaining fiber. The polarization 
beat length of the polarization maintaining fiber is preferably long enough to facilitate 
splicing this fiber between the coil 29 and PM fiber 28 and the sensing coil 30 fiber. 

Figure lc shows compensating coil 29 and sensing coil 30 wound continuously 

and not necessa rily discretely. These co ilsmay be wound in a pattern, even as one coil 

'^oTike^ywnirasplice-less optical fiber. Resultant coil 66 is substantially insensitive to 
"rotation rate, and at the same time, sensitive to current 33 to be measured. There are 
various complex or simple winding geometries that can be utilized in the one-coil 
compensating and sensing configuration. 

Figure 2 shows a sensor 40 that has a rotation compensating coil 29 that may be 
"flipped" thus reversing its axis of sensitivity or optically switched in its connections, or 
reversed in polarity with respect to its connections in the optical circuit. "Flipper" 38 
provides this connection swap or polarity change whenever desired by the sensor user. 

To flip coil 29, lead fiber 39 is disconnected from the fiber connected to IOC 20, 
and at the same time lead fiber 39 is connected to the fiber connected to converter 31 . 
Also, part of the flip, is the disconnecting of lead fiber 4 1 from the fiber connected to 
converter 3 1 and the connecting of lead fiber 41 to the fiber connected to IOC 20. To 
flip coil 29 again, lead fibers 39 and 41 are reconnected to the fibers connected to IOC 
20 and converter 31, respectively. Alternatively the compensating coil may be mounted 
on a hinged assembly that simply allows turning the coil over to reverse its axis of 
sensitivity by nominally 180 degrees. This is also referred to as flipping, since it 
constitutes another form of axis flipping. 

Current indication readings from indicator 42 may be noted before coil 29 is 
flipped and after coil 29 is flipped. For a zero current sensing situation, any difference 
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of the readings may be zeroed out to calibrate sensor 40 to zero. This permits 
calibrating the non-reciprocal optical phase shift of light waves 23 and 24 in sensor 40, 
due to rotation rate with high accuracy. Then to measure current 33, coil 29 is again 
flipped, making sensor 40 insensitive to rotation and still sensitive to current. Thus, 
sensor 40 becomes highly calibrated for high accuracy current measurements without 
rotation sensitivity. Another possibility is to use rotation rate to null out the effects of 
current when the sensor is sensitive to both. In other words, rotation can be used to null 
the phase relationship between light waves 23 and 24 changed by electric current 33 
while compensating coil 29 is reversed and sensing coil 30 is sensitive to the electric 
current and the rotation. 

Figure 3 shows a current sensor 50 having a rotation compensation scheme that 
has a shorter sensing coil 30 and a delay line coil 43. This configuration can be used to 
lower the proper frequency of sensing coil or loop 30 so that the frequency of bias 
modulation signal can be low enough for low drift loop closure electronics 36. Delay 
line coil 43 may be long compared to sensing loop 30. The rotation sensitivity of coil 
43 may be of concern. One can use an anti-rotation wound delay coil 44 to null the 
rotation sensitivity of delay coil 43 in conjunction with short sensing loop 30. The 
majority ^ coils ^43^and^4£m^ J>e wound in the s amejirectioi ^ide by side, perha psh^ 
a bifilar winding configuration, but with opp osite rotat ion sensi tivities b ecause of the 



opposi te direct io ns of the s a me light b eamsjnjhe coils^ One may be longer than the 
other to make the net rotation sensitivity of the sensing coil and the compensating coils 
equal to zero. The compensating coils may also be wound separately to allow one of 
them to be flipped. 

Although the present invention and its advantages have been described in detail, 
it should be understood that various changes, substitutions and alterations may be made 
therein without departing from the spirit and scope of the invention as defined by the 
appended claims. In many of these cases, theSagnac^^ wound 
contin uously, such as i n figure fbscr^ia t^the sensing c oi Hs a monolithic (or splice-less\ 
coil wi th its own j^tatjoacoi^ ensati ^njv ^in the windin gjaattenu It is thus a Sagnac 
interferometer with no rotation sensitivity. 

Some, but not all, of these obvious substitutions include the following 
configuration 55 in figure 4. Coupler 16 in figure 2 may be replaced by an optical 
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circulator 54 in figure 4, which allows light 45 flow from source 16 to coil 30 without 
intrinsically losing any power in the forward direction. Likewise, light 23 and 24 
returning from coil 30 is all directed to photodetector 34 instead of half of it impinging 
on light source 16. In this way, circulator 54 saves the 75 percent of light that is lost 
(round-trip) by a 50/50 coupler. Circulator 54 is like an optical isolator that linearly 
polarizes light 45 and rotates the polarization of light 45 by 45 degrees in the forward 
direction via a Faraday rotator. Light returning to circulator 54 is rotated another 45 
degrees and thus cannot get through the polarizer of the circulator. If the polarizer is a 
polarization beam splitter, then the returning light is split off at typically ninety degrees 
in direction, where it is coupled to photodetector 57 as signal light. 

IOC 20 itself may be implemented using lithium niobate proton exchange 
waveguides, lithium niobate titanium-indiffused waveguides, polymer waveguides, 
gallium arsenide waveguides, or lithium tantalate waveguides. In addjtion, the above 
materials may be used to make only phase modulator 22, with the t wye)j unction 21 and 
polarizer 1 8 replaced by a fiber-optic coupler and fiber-optic (or bulk-optic) polarizer, 
respectively. Another possibility for phase modulator 1 8 in a closed loop system is use 
of a bulk-optic, but fiber-pigtailed, electro-optic Pockels cell. The sensing coil 30 fiber 
can be either a low birefringence annealed fiber, a spun high-circularly birefringent fiber 
or a fiber that is would in twisted form to create circular birefringence. In all of these 
coil fiber concepts the sensing fiber is intended to maintain or preserve circular 
polarizations of light. 

The loop closure scheme typically involves digitization of the output of a 
preamplifier 56 attached to the photodetector 57 output signal from an analog voltage to 
a digital one via an analog-to-digital (A/D) converter 58 in loop closure electronics 59. 
A/D converter 58 "samples" or converts the preamplifier 56 output to a digital signal 
representative of the preamp 56 signal periodically, typically several times per half 
modulation cycle of the bias modulation period of the signal from generator 1 8. The 
output of A/D converter 58 is compared between the two half cycles for a signal 
indicative of current 33 changes. The presence of a current change changes a loop 
closure waveform signal 62 that is applied to phase modulator 22 via a digital-to-analog 
(D/A) converter 61 . Loop closure waveform signal 62 used to rebalance the phase (<|>) 
between counterpropagating optical waves 23 and 24 in sensing loop 30 may be a 
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sawtooth-type signal 63 (so-called serrodyne ramp), a digital phase step waveform 64 or 
a dual ramp waveform 65 (in figures 5a, 5b and 5c, respectively). All of these are 
applied asymmetrically to the two sides of the interferometer loop 30 to take advantage 
of the time delay in coil 30 and allow a phase difference (equal and opposite to that 
generated by current 33) between the waves 23 and 24, to be generated. The sawtooth 
or serrodyne waveform has a gradual phase slope proportional to the electric current 33 
magnitude with a rapid flyback or reset of a multiple of 2n phase shift in size. The dual 
ramp waveform alternates between a positive-going phase ramp and a negative-going 
one with the difference in the magnitude of the up-slope and the down-slope being 
proportional to the electric current. All ramp types are capable of reversing to indicate a 
reversal in the direction of the current 33 in conductor 32. 

Another configuration 60 is an open loop gyroscope shown in figure 6. Light 
source 14 emits light 45 that goes through coupler 16 and polarizer 53. A coupler 51 is 
used to split light 45 into a CW wave 23 and a CCW wave 24. The bias phase- 
difference modulation from generator 18 is imparted to light waves 23 and 24 in Sagnac 
loop 30 via a voltage applied to a piezo-electric (PZT) cylinder 46 that has fiber 47 
wrapped around it. Light waves 23 and 24 go to loop 30 via compensating coil 48 and 
quarter- wave retarder 27, and PZT fiber coil 47 and quarter-wave retarder 31, 
respectively. The RSP of a compensating coil 48 must therefore account for not only 
the RSP of sensing coil 30, but also that of PZT cylinder 46. Flipper 38 may be 
omitted. Alternatively, PZT cylinder fiber coil 47 may be used as the compensating coil 
in lieu of coil 48 and may also be flipped by flipper 38 according to the preceding 
discussion. The output of the photodetector 34 is preamplified and introduced to a 
phase sensitive detector (PSD) 49 which is responsive to a signal harmonically related 
to the bias modulation signal. The output of PSD 49 is then proportional to the 
instantaneous electric current 33 in conductor 32. Indicator 52 receives the PSD 49 
output and converts it to a readable indication of the current 33 magnitude. 
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CLAIMS 

1 . A fiber optic current sensor comprising: 
a light source; 

a coupler connected to said light source; 

a quarter wave converter connected to said coupler; 

a sensing loop connected to said quarter wave converter; 

a rotation sensitivity compensating loop connected to said sensing loop and said 

coupler; and 
a detector connected to said coupler. 

2. The current sensor of claim 1 , further comprising a device for reversing the 
connections of said compensating coil to said splitter and said sensing coil, for 
calibration purposes. 

3. A fiber optic current sensor comprising: 
a light source; 

a coupler connected to said light source; 

a splitter connected to said coupler; 

a polarization converter connected to said splitter; 

a sensing coil connected to said polarization converter; 

a compensating coil connected to said splitter and to said sensing coil. 

4. The current sensor of claim 3, wherein said compensating coil is a first delay 
line coil. 

5. The current sensor of claim 4, further comprising a second delay line coil 
connected to said splitter and sensing coil on the other side opposite of that to which the 
first delay line coil is connected. 

6. The current sensor of claim 4, wherein said sensing coil has a rotation sensitivity 
that is less than the rotation sensitivity of said first delay line coil. 
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7. The current sensor of claim 6, wherein the rotation sensitivity of said first delay 
line coil is opposite in polarity to the rotation sensitivity of said sensing coil. 

8. The current sensor of claim 7, wherein the sum of the rotation sensitivities of 
said sensing coil, said first delay line coil and second delay line coil approaches zero. 

9. The current sensor of claim 8, wherein said sensing loop is a medium for 
counter-propagating light waves having a phase relationship. 

10. The current sensor of claim 9, wherein the phase relationship is affected by a 
magnetic field of an electric current proximate to said sensing coil. 

1 1 . The current sensor of claim 1 0, wherein the counter-propagating light waves go 
to said detector via said first and second delay line coils, said splitter and coupler, and 
wherein said detector detects the light waves and outputs an electrical signal 
representing the light waves and the phase relationship. 

12. The current sensor of claim 1 1, having a processing electronics connected to said 
detector, for outputting a signal that indicates a magnitude of the electric current 
proximate to said sensing coil, according to the phase relationship. 

13. A fiber optic current sensor comprising: 
source means for providing a first light beam; 

splitting means for splitting the first light beam into second and third light beams 
having a phase relationship, and for combining the second and third light 
beams; 

sensing means for receiving second and third light beams to counter-propagate 
in said sensing means, and the phase relationship being changeable by an 
electric current proximate to said sensing means, and for returning the 
second and third light beams to said splitting means; 

compensating means for compensating the phase relationship for changes in the 
phase relationship due to a rotational sensitivity of said sensing means; 
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detecting means for detecting the second and third light beams and outputting an 
electrical signal that indicates the phase relationship of the second and 
third light beams; and 

indicating means for processing the electrical signal and indicating an amount of 
electric current proximate to said sensing means. 

14. The fiber optic current sensor of claim 13, further comprising: 
polarizing means for polarizing the first light beam; and 

converting means for converting a polarization of the second and third light 
beams in to another polarization. 

15. The fiber optic current sensor of claim 14, further comprising flipping means for 
reversing the compensating by said compensating means for changes in the phase 
relationship caused by the rotational sensitivity of said sensing means. 

1 6. The fiber optic current sensor of claim 1 5, wherein rotation can be used to null 
the phase relationship changed by the electric current while said compensating means is 
reversed and said sensing means is sensitive to the electric current and the rotation. 

17. The fiber optic current sensor of claim 15, wherein said flipping means is for 
calibration of said fiber optic current sensor. 

18. A fiber optic current sensor comprising: 
a light source; 

a polarizer connected to said light source; 

a splitter having a first port connected to said polarizer, and having second and 
third ports; 

a first linear/circular polarization converter having a first end connected to the 

second port of said splitter; 
a sensing coil having a first end connected to a second end of said first 

linear/circular polarization converter, and having a second end: 
a first rotation sensitivity compensating coil having a first end connected to the 
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second end of said sensing coil, and having a second end connected to the 
third port of said splitter; and 
a detector coupled to said polarizer. 

1 9. The fiber optic current sensor of claim 18, further comprising: 
a phase modulator connected to said splitter; 

a signal processor connected to said detector and to said phase modulator; and 
a bias modulation generator connected to said signal processor. 

20. The fiber optic current sensor of claim 19, further comprising a second 
linear/circular polarization converter between said first rotation sensitivity compensating 
coil and said sensing coil, having a first end connected to the first end of said first 
rotation sensitivity compensating coil and a second end connected to the second end of 
said sensing coil. 

21. The fiber optic current sensor of claim 20, further comprising an optical switch 
connected between the first and second ends of said first compensating coil and the first . 
end of said second linear/circular polarization converter and the third port of said 
splitter, wherein said optical switch can interchange the connections of the first and 
second ends of said compensating coil. 

22. The fiber optic current sensor of claim 2 1 , further comprising a second 
compensating coil having a first end connected to the second port of said splitter, and 
having a second end connected to the first end of said first linear/circular polarization 
converter. 

23 . The fiber optic current sensor of claim 22, wherein said first and second 
compensating coils are delay line coils. 

24. The fiber optic current sensor of claim 1 9, further comprising a second 
linear/circular polarization converter between said first rotation sensitivity compensating 
coil and said splitter, having a first end connected to the third port of said splitter and a 
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second end connected to the second end of said first rotation sensitivity compensating 
coil. 

25. The fiber optic current sensor of claim 24, further comprising a second rotation 
sensitivity compensating coil having a first end connected to the second end of said first 
linear/circular polarization converter and a second end connected to the first end of said 
sensing coil. 

26. The fiber optic current sensor of claim 25, further comprising an optical switch 
connected between the first and second ends of said first compensating coil and the 
second end of said sensing coil and the second end of said second linear/circular 
polarization converter, wherein said optical switch can interchange the connections of 
the first and second ends of said first compensating coil. 

27. A fiber optic current sensor comprising: 

a broadband light source for providing a first beam of light; 
a coupler connected to said fight source; 

an integrated optical circuit having a first port connected to said coupler and 
having second and third ports, wherein said integrated optical circuit 
polarizes the first beam of light and splits the first beam of light into 
second and third beams of light, which exit the second and third ports, 
respectively; 

a polarization maintaining fiber having a first end connected to the second port 

of said integrated optic circuit and having a second end; 
a first polarization converter having a first end connected to the second end of 

the polarization maintaining fiber, and having a second end; 
an optical fiber sensing coil having a first end connected to the second end of 

said first polarization converter, and having a second end, wherein said 

sensing coil has a first rotational sensitivity; 
a second polarization converter having a first end connected to the second end of 

said sensing coil, and having a second end; 
an optical fiber compensating coil having a first end connected to the second end 



00/36425 PCT/US99/26499 

-15- 

of said second polarization converter, and having a second end connected 
to the third port of said integrated optic circuit, wherein said compensating 
coil has a second rotational sensitivity that is approximately equal and 
opposite to the first rotational sensitivity of said sensing coil; and 
a detector connected to said coupler. 

The fiber optic current sensor of claim 27, wherein: 

the second beam of light propagates through the polarization maintaining fiber, 
the first polarization converter, the sensing coil, the second polarization 
converter, and the compensating coil to the third port of said integrated 
optical circuit; 

the third beam of light propagates through the compensating coil, the second 
polarization converter, the sensing coil, the first polarization converter and 
the polarization maintaining fiber to the second port of said integrated 
optical circuit; 

the counter-propagating second and third beams in said sensing loop have a 

phase relationship that can be affected by a current flowing in a conductor 
that is proximate to said sensing coil; 
the second and third beams entering the third and second ports of said integrated 
optical circuit are combined into a fourth beam of light to exit the first port 
of said integrated optical circuit into said coupler; 
said detector receives said fourth beam of light from said coupler, and converts 
the fourth beam of light into an electrical signal representative of 
information indicating the phase relationship of the second and third beams 
of light returning to said integrated optical circuit; and 
the phase relationship is indicative of a magnitude of the current flowing in the 
conductor proximate to said sensing coil. 

A fiber optic current sensor comprising: 
a broadband light source for providing a first beam of light; 
a circulator connected to said light source; 

an integrated optical circuit having a first port connected to said circulator and 
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having second and third ports, wherein said integrated optical circuit 
polarizes the first beam of light and splits the first beam of light into 
second and third beams of light, which exit the second and third ports, 
respectively; 

a polarization maintaining fiber having a first end connected to the second port 

of said splitter and having a second end; 
a first polarization converter having a first end connected to the second end of 

the polarization maintaining fiber, and having a second end; 
an optical fiber sensing coil having a first end connected to the second end of 
said first polarization converter, and having a second end, wherein said 
sensing coil has a first rotational sensitivity; 
a second polarization converter having a first end connected to the second end of 

said sensing coil, and having a second end; 
an optical fiber compensating coil having a first end connected to the second end 
of said second polarization converter, and having a second end connected 
to the third port of said splitter, wherein said compensating coil has a 
second rotational sensitivity that is approximately equal and opposite to the 
first rotational sensitivity of said sensing coil; and 
a detector connected to said circulator. 

The fiber optic current sensor of claim 29, wherein: 

the second beam of light propagates through the polarization maintaining fiber, 
the first polarization converter, the sensing coil, the second polarization 
converter, and the compensating coil to the third port of said integrated 
optical circuit; 

the third beam of light propagates through the compensating coil, the second 
polarization converter, the sensing coil, the first polarization converter and 
the polarization maintaining fiber to the second port of said integrated 
optical circuit; 

the counter-propagating second and third beams in said sensing loop have a 
phase relationship that can be affected by a current flowing in a conductor 
that is proximate to said sensing coil; 
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the second and third beams entering the third and second ports of said integrated 
optical circuit are combined into a fourth beam of light to exit the first port 
of said integrated optical circuit into said circulator; 

said detector receives said fourth beam of light from said circulator, and converts 
the fourth beam of light into an electrical signal representative of 
information indicating the phase relationship of the second and third beams 
of light returning to said integrated optical circuit; and 

the phase relationship is indicative of a magnitude of the current flowing in the 
conductor proximate to said sensing coil. 

3 1 . A fiber optic current sensor comprising: 
a light source; 

a polarizer coupled to said light source; 

a splitter having a first port connected to said polarizer, and having second and 
third ports; 

a polarization converter having a first end connected to the second port of said 
splitter; and 

a sensing coil, having a first end connected to the second end of said polarization 
converter and a second end connected to the third port of said splitter, 
having a winding pattern that is substantially insensitive to rotation rate, 
and sensitive to current for measurement of current magnitude. 
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